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The flame properties surrounding a small size fuel droplet 
are difficult to investigate due to the infinitesimal size, weak 
chemiluminescence and relatively fast combustion process. The 
present work focuses mainly on the flame colour detection and 
analysis of the combustion of an isolated fuel droplet. The 
tested fuels are diesel and its water emulsions at different 
mixing concentrations. High speed colour imaging and digital 
image processing have been applied for tracking droplet 
ignition, secondary atomization, and flame chemiluminescence. 
Side ignition of the droplet reduced interferences in visualizing 
flame spread during ignition and propagation. Flame 
propagation starts from the heating side all around the droplet, 
before the development of the more dominant yellow sooty 
flame. Flame chemiluminescence during the overall droplet 
lifetime has been evaluated using the digital flame colour 
discrimination (DFSC) approach of analysis. This analysis has 
been used for demonstrating the effect of emulsifying diesel by 
water in enhancing its combustion characteristics. Droplet 
secondary atomization and sub-droplet generation has also been 
tracked and analysed. The chemiluminescence of the flame 
surrounding each individual sub-droplet has been analysed 
using the same DFSC scheme. From the analysis, it is shown 
that the sub-droplets burn in a premixed like mode, especially 
at a later stage, rather than the diffusive mode of the original 
droplet. 
 
INTRODUCTION 
A large portion of the global energy requirements comes 
from burning liquid hydrocarbons in the form of sprays of 
small size droplets. Therefore, a thorough understanding of the 
basic physical processes related to spray and droplet 
combustion is essential not only in energy production, but also 
in propulsion, reducing combustion-generated pollution, and 
fire hazard control when handling liquid fuels [1].   
Conversely, the flame is the zone where fuel and oxidizer 
meet and react, and it is the point of the highest temperature in 
combustion. Therefore, understanding the flame and its 
structure is a prerequisite for combustion explanation. Flame 
structure has been the subject of a variety of research works in 
droplet combustion [2-6]. However, more efforts have to be 
applied on the chemiluminescence and the luminosity of the 
flame surrounding fuel droplet. Flame luminosity is one of the 
easily observable main features, and each flame has its own 
spectrum of luminosity that can be used to characterize the 
combustion process. This luminosity is attributed to the spectra 
emitted from the electronically excited radicals CH* and C2*, in 
addition to soot continuous spectrum [7].  
On the other hand, water-in-diesel (W/D) emulsion is one of 
the methods used for enhancing the combustion efficiency of 
diesel fuel [8]. Due to the difference in boiling point and other 
physical properties between diesel and water, W/D emulsions 
may exhibit some physical phenomena prior to (or during) 
combustion, which is significantly effective in fuel atomization 
by accelerating the secondary breakup of the droplets within the 
fuel spray [9]. This breakup leads to the formation of smaller 
size droplets or sub-droplets that will evaporate and burn 
individually, which in turn will enhance the overall combustion 
efficiency of the total spray. Therefore, flame 
chemiluminescence analysis of droplet and sub-droplet 
combustion of water-in-diesel emulsions has been carried out in 
the present work in addition to pure diesel droplet. This 
analysis has been performed by colour processing of the 
acquired flame images using the Digital Flame Colour 
Discrimination (DFCD) scheme developed by [10-12] for 
extracting the time resolved CH* and C2* emissions for the fuel 
droplets. 
NOMENCLATURE 
 
W/D [-] Water-in-diesel 
CH* [-] Electronically excited state of CH radical ܥଶ* [-] Electronically excited state of ܥଶ radical 
OH* [-] Electronically excited state of ܱܪଶ radical 
HSV [-] Hue, Saturation, Value 
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Figure 1 An example of premixed blue flame and their colour distribution on the Hue domain. 
FLAME COLOUR PROCESSING METHODOLOGY 
Combustion can be recognized by the visualization of the 
resulting flame. Therefore, flame colour can be used for 
describing the nature of combustion. The manner a chemical 
reaction is reflected in the emission of light during combustion 
is called flame chemiluminescence, which is attributed to the 
presence of OH* &+ DQG & UDGLFDO HPLVVLRQV LQ WKH
XOWUDYLROHW89DQGYLVLEOH9,6VSHFWUXP>@7KHVHUDGLFDOV
DSSHDU LQ WKHVRRW-LQGXFHGIODPHUHJLRQDVZHOOZKLFKFDQEH
GHWHFWHG E\ WKH XVH RI RSWLFDO ILOWHUV +RZHYHU LQ WKH EULJKW
\HOORZLVKIODPHUHJLRQWKHVWURQJSUHVHQFHRIFDUERQSDUWLFOHV
LPSHGHVWKHPRQLWRULQJRIOH*DQG&UDGLFDOHPLVVLRQV7KH
VHQVRUVRIWKH&026FDPHUDFDQUHVSRQGWRWKH9,6VSHFWUXP
ZKLOH WKH VSHFWUXP RI OH* HPLVVLRQ FRUUHVSRQGV WR  QP
7KLVPHDQVWKDWDW WKHFRQGLWLRQRILQDGHTXDWH OXPLQRVLW\DQG
VKRUW H[SRVXUH WLPH &+ DQG & FDQ EH H[SHULPHQWDOO\
LGHQWLILHG DQG FDQ HQJDJH LQ WKH FDPHUD GHSHQGLQJ
FKHPLOXPLQHVFHQFHUHVHDUFK>@ 
The chemiluminescence-induced flame is always visualized 
as a bluish flame, the signal of which is very weak to be 
captured by the colour digital camera. Therefore, the post 
processing, digital flame colour discrimination (DFSC) 
approach, is indispensable for a better flame visualization. 
Huang and Zhang have predicted that premixed flame signals 
are most likely distributed in the hue value band range from 
180° to 252° in the HSV colour model space [10, 11]. After 
converting the RGB image captured by the digital colour 
camera, into HSV mode, the flaming region should be 
selectively enhanced to about 20-30 times. This enhancement is 
for extracting the distinctive details of the flame. Figure 1 
illustrates the response of a premixed flame with an 
equivalence ratio of 1.37 on the hue domain. From the hue bar 
chart, approximately all the signals of the flame are distributed 
in the Hue region of H10 to H13 as claim by Huang. 
 
(;3(5,0(71$/:25. 
EMULSION PREPARATION 
Water-in-diesel (W/D) emulsions have been prepared prior 
to experiments according to the method followed and described 
by [12, 13]. Where an emulsifier (Polysorbate 80: HLB=15) has 
been added and stirred with the diesel to be emulsified, then the 
required water quantity is added gradually to the mixture. A 
20000 rpm electric blender has been used for mixing the liquids 
for more than five minutes until a homogeneous milky white 
liquid is produced. 10%, 20%, and 30% water content by 
volume of W/D emulsions have been prepared and tested 
throughout this work in addition to the base diesel fuel. The 
W/D emulsions have been stored in containers during the tests, 
where no visible changes have been observed throughout the 
testing period. 
 
EXPERIMENTAL SETUP 
The schematic drawing of the experimental setup is shown 
in figure 2. A micro-fine syringe with hypodermic 
(0.33*12.7mm) needle has been used to generate and suspend 
the fuel droplet on a 75 µm cross-shaped silicon carbide (SiC) 
fibre mesh under room conditions. An optical setup consists of 
a Photron-SA4 high speed colour camera with Sigma zoom 24-
70mm f/2.8 EX DG macro lens. The whole setup was self-
illuminated by the resulting flame.  
 
Figure 2 Experimental Setup. 
To avoid the redundant noise signals affecting the weak 
signal detection, the experiments have been carried out in a 
completely dark room in addition to using black background 
behind the droplet. Using self-illumination is unusual in droplet 
combustion investigations. However, it has been used in the 
present work since the main objective is to study flame 
characteristics of the droplet combustion. Therefore, using 
direct or backlit lighting will affect the signal obtained from the 
flame. Additionally, flame propagation during droplet ignition 
cannot be visualized with the interference of the external light 
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source. Consequently, no external light source has been used in 
the present work, and instead light emission from the flame 
resulting during droplet combustion has been utilized.  
The droplet is ignited by a pilot butane flame produced by a 
micro lighter, and the images are recorded for the period of 
time between droplet ignition and flame extinction. The tests 
have been carried out on pure diesel, 10% W/D, 20% W/D, and 
30% W/D emulsions. Each test has been repeated three times, 
with the droplet initial diameter being fixed at 2±0.2 mm. The 
acquired images have been stored in (TIFF) format and 
processed by specifically written algorithms using Matlab. 
 
5(68/76$1'',6&866,21 
IGNITION STAGE 
Figure 3 shows a sequence of blue flame spread during the 
ignition of 10% water-in-diesel (W/D10) emulsion droplet. The 
upper row represents the original images recorded at the 
ignition stage with a shutter speed of 1/1000ss. These images 
show that from 1/1000ss to 9/1000s, no clearly visible flame 
can be discerned by bare eyes. While a small part of the 
yellowish diffusion region appeared in the 11/1000ss to 
13/1000 s. This is due to the blue flame signal is quite weak 
compared to the orange soot emission. Therefore, 25 times 
selective digital image enhancement and 5 times overall light 
enfacement have been carried out. To avoid the blind 
magnification of all the pixels, the weak blue pixels have to be 
identified first through image processing [14]. The resulting 
corresponding images are shown in figure 3 (b). From which, 
flame initiation during ignition can be observed properly. 
During ignition, the blue flame initiates at the side of the 
ignition source, then propagates gradually towards the other 
side of the droplet. With the flame enclosing the droplet, the 
yellow diffusion flame appears and grows at the top. After 
ignition, the initially premixed fuel-vapour/air layer is 
consumed and the evaporation rate is accelerated. Because 
there is no sufficient time for the vapour to mix well with air, 
diffusion flame dominates the remaining lifetime of droplet 
combustion. The blue layer is then shown to surround the lower 
part of the droplet behind the evaporation zone because fresh 
air is drawn at this location due to the thermal buoyance cause 
by the droplet combustion.  
Figure 4 shows the average duration of pure blue flame 
ignition process for droplet combustion of pure diesel, 10%, 20% 
and 30% water-in-diesel emulsions. This duration is the time 
delay from the first appearance of the blue flame to the 
observation of the yellow flame. The figure illustrates that 
emulsifying diesel by water leads to the increase of the 
premixed flaming period more than eight times from around 
five milliseconds to above forty milliseconds in the 10% 
emulsion and sixty milliseconds in the 30% emulsion. This may 
be due to the fact that the higher water concentration reduces 
the resulting combustion temperature. As a result, more time is 
required to generate soot. 
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Figure 4 The time interval between the first appearance of blue 
flame and yellow flame. 
 
Figure 3 (a) Original images at shutter speed of 1/1000s at the ignition stage; (b) The corresponding selectively enhanced images. 
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BURNING AND EXTINGUISHING STAGES 
 
Figure 1 The difficult to visualise blue flame shown in a 
droplet burning after selectively enhancement: (a) 
steady burning, (b) secondary atomization, and (c) 
micro-explosion. 
It is stated that under normal gravity conditions, the flame can 
be separated into three zones, which were described from 
outside to inside as faint violet zone, blue zone and yellowish 
dark zone [14]. For droplet combustion, two distinctive flame 
zones have been identified as shown in Figure 5. These 
distinctive zones are: a dim blue layer surrounding the outmost 
bottom of the droplet, and a bright yellow layer that covers the 
innermost of the droplet, which is also known as the soot-
induced flame. However, the heated unburnt carbon particles 
dominate in this part of the flame. Therefore, its chemical 
composition cannot be found easily without the use of optical 
filters. Hence, the chemiluminescence analysis in the present 
work is based on the blue layers demanded the bottom of the 
flame shown in figure 5 (a). Additionally, the irregular blue 
flame generated from the combustion of the sub-droplets 
generated by droplet secondary atomization in figure 5 (b), and 
those generated by the droplet micro - explosion shown in 
figure 5 (c) have been analysed. 
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Figure 2 The CH*/C2* ratio for the cases shown in Fig. 5. 
Figure 6 shows the average CH*/C2* ratio for the three cases 
mentioned above, namely, droplet steady combustion, 
secondary atomization, and micro-explosion. The calculations 
are based on the blue/green colour intensity ratio of the flame 
images. For both the steady combustion and droplet secondary 
atomization cases, the CH*/C2* ratio experienced a decrease 
with increasing water content in the fuel. This can be attributed 
to the enhanced mixing resulted by water addition to diesel as 
previously suggested. This enhancement is stemmed mainly by 
the difference in volatility and boiling temperature between 
diesel and water leading to the more volatile component is 
transferred to the surface of the droplet while the less volatile 
one flows towards the centre of the droplet. Moreover, 
decreasing the flame temperature may decrease the CH*/C2* 
ratio. Since adding water to diesel leads to decreasing flame 
temperature, due to decreasing the heating value of the fuel. 
Conversely, the CH*/C2* ratio has shown to increase by 
increasing water content in the fuel during the droplet micro-
explosion.  
 
ECONDARY ATOMIZATION AND SUB-DROPLET 
EMISSION 
Secondary atomization is the process of droplet 
disintegration into smaller sub-droplets. These sub-droplets are 
either continuing to burn separately or combine together to 
form a cloud of droplets. Secondary atomization is important in 
enhancing combustion efficiency by increasing fuel air mixing. 
In the present work, droplet secondary atomization has been 
investigated by studying flame chemiluminescence during this 
process.  
Figure 7 illustrates the change in CH*/C2* ratio distribution 
of 10% and 20% water-in-diesel emulsions respectively during 
droplet secondary atomization. Below each ratio graph is the 
enhanced image from which the ratio has been evaluated. The 
sequence of images is selected to start on the initial appearance 
of blue layer around the sub-droplet and terminates with the 
sub-droplet vanishing and flame extinction. Camera shutter 
speed has been set to 1/1000 s. The overall process counts 
around five milliseconds. The blue region colour is selected and 
enhanced 30 times to manifest a proper visual view.  
In figure 7 (a), the ratio ranges from 0 to 9 and displays the 
colour from dark blue to yellow, while in figure 7 (b), the range 
is from 0 to 10. The average CH*/C2* ratio is shown below 
each image as the symbol (R). As shown in the images at the 
bottom rows of figure 7, the flame surrounding each of the sub-
droplets begins yellow in colour then rapidly turns to blue, 
indicating complete evaporation of the sub-droplet. After the 
post image processing, the same CH*/C2* ratio methodology 
described previously has been applied onto the blue flame 
generated by the sub-droplet. The burning process and flame 
propagation are represented in the upper line of Figure 7 (a and 
b). The highest CH*/C2* ratio is most likely distributed at the 
upwind side of the sub-droplet, where more yellow and green 
colour located. This is due to the relatively high transportation 
speed of the sub-droplet that leads to enhanced mixing between 
the fuel and the surrounding air. Sub-droplet complete 
consumption takes place with an entirely blue flame and a 
uniformly distributed CH*/C2* ratio. During flame extinction 
of both the 10% and 20% emulsions, the CH*/C2* ratio 
suddenly jumps to more than 30% compared with those of the 
previous intervals. Moreover, the CH*/C2* ratio for the 20% 
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water-in-diesel emulsion is shown to be lower than that of the 
corresponding 10% emulsion. This is the same finding of figure 
6 of the original droplet. 
CONCLUSIONS 
In the present work, an experimental investigation of the 
flame characteristics during droplet combustion using high 
speed colour imaging is carried out. From the studies, the 
following conclusions have been drawn: 
x Self-illumination imaging of droplet combustion can 
provide a good visualization of flame propagation during 
droplet ignition if combined with advanced digital image 
processing. 
x The average period of premixed combustion during droplet 
ignition is increased by emulsifying diesel with water and 
this increase is proportional to the water content in the 
emulsion. 
x The average CH*/C2* ratio is shown to decrease with the 
increase of water content in the fuel mixture. 
x The highest CH*/C2* ratio is most likely distributed at the 
upwind side of the sub-droplet, where more yellow and 
green colour located. This is due to the relatively high 
transportation speed of the sub-droplet and the direct 
interfacing with the air that leads to enhanced mixing 
between the fuel and the surrounding air generating lean 
premixed region. 
x The CH*/C2* ratio behaviour of the sub-droplet showed 
similar trends to those corresponding CH*/C2* values of 
the original droplet. 
 
 
 
  
Figure 3 The sequence distribution of CH*/C2* ratio of secondary from the case (a) of 10% and the case (b) of 20% water emulsion. 
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